The polyene antibiotic, filipin, is known to interact with cholesterol present in aqueous solutions, artificial membranes and sterol-containing biological membranes. The stoichiometry of interaction between filipin and free or liposomal-bound cholesterol present in an aqueous system was determined by quantitating the ultraviolet spectral change of filipin which occurs in the presence of cholesterol.
A preliminary analysis of the data obtained from aqueous dispersions of cholesterol + filipin alone suggested that the stoichiometry was 1:1. According to a more refined analysis of this same data by the SCATCHARD technique, there are 1.11±0.18 molecules of cholesterol associated with filipin in this system.
Additionally it was found in a liposome solution consisting of lecithin: dicetylphosphate:
[4-14C]-cholesterol that the maximum spectral change of filipin only occurred where a 1:1 ratio of filipin: sterol was present.
Thus the likely stoichiometry of the filipin-cholesterol complex in both these systems is 1:1.
A procedure is described wherein the sterol-mediated spectral-change of filipin can be utilized as the basis of a sensitive assay for quantitating the amounts of sterol in membrane fractions.
Filipin belongs to a class of compounds known as polyene antibiotics1). Polyenes have attracted the attention of many investigators because, as antibiotics, they have the unusual property of being toxic to fungi while having no effect on bacteria2). The concept has emerged from a wide variety of studies that the biological actions of filipin are dependent upon the direct interaction of the polyene with a sterol, usually cholesterol.
LAMPEN3) and GOTTLIEB4) showed originally that the addition of sterols to aqueous solutions of filipin produced changes in the ultraviolet absorption spectrum of filipin. It was further shown by these workers that the spectral changes were reversible. Addition of watermiscible organic solvents to the solutions of cholesterol+ filipin resulted in a U.V. spectra typical of filipin alone. The results of the present studies indicate that the stoichiometry for the formation of a complex between filipin and either free or liposomel-bound cholesterol is 1: 1.
Methods
Spectrophotometric measurements:
A Beckman DB-GT double beam spectrophotometer was employed in all experimental determinations.
Samples were scanned with ultraviolet light from 400 to 260 nm to obtain a characteristic spectrum. Sample preparation:
The filipin used in this investigation was generously supplied by Dr. G.B. WHITFIELD of the Upjohn Company, Kalamazoo, Michigan. Three different batches of filipin were employed: U-5956, 9098-BBC-94A and 8393-DEG-l1-8, which ranged in purity from 93 % to 96%. All filipin preparations gave similar experimental results.
Standard solutions of filipin were made up in dimethylformamide (DMF, 0.25 mg/ml). Each day a filipin-buffer stock solution was made up in 0.01 M tris-acetate, pH 7. This solution consisted of 0.5 -3.8 ml of the filipin-standard solution diluted to a total volume of 30 ml with the tris-acetate buffer. This was designated solution A.
Weighed portions of cholesterol (Cal Biochem) were dissolved in absolute ethanol (usually 6.22 x 10_, M). A cholesterol-buffer stock solution was made up in 0.01 M tris-acetate buffer, pH 7. One ml of the cholesterol-ethanol standard solution was diluted to a total volume of 50 ml with tris-acetate buffer. This was designated solution B. Solution C refers to the 0.01 M tris-acetate buffer alone.
Each experiment consisted of eleven tubes containing different proportions of solutions A, B, and C in a total volume of 10 ml. In every experiment there was also 11 tubes containing 10 ml of only solutions B and C; these served as blanks and were used in the reference cuvette to correct for the turbidity caused by cholesterol in the aqueous media when taking spectrophotometric measurements. All samples were vortexed and allowed to stand three hours prior to analysis.
The concentration of filipin per sample was determined spectrophotometrically. The molar extinction coefficient of Peak 2 in methanol of the U.V. spectra (see Fig. 1 ) is 6.2x 101.1' Experimentally it was found that this extinction coefficient was also valid for a 1: 1 mixture of solution C and methanol.
Liposomes consisting of egg lecithin alone or lecithin : dicetyIphosphate: [4-14C]-cholesterol at the molar ratio of 40:10:50+T-1.0 oCi of 'carbon-14 were prepared exactly as described by PAPAHADJOPOULOS19). This method involved homogenization of the lipid mixture in 50 mm tris-HCI, pH 8.0, 1 mM NaC1, 10 mm KC1 with 6,-8 strokes of a Potter-Elvehjem homogenizer. Next the lipid dispersion was sonnicated under nitrogen (20 -40 min.) until it became clear to slightly opalescent.
Visible aggregates were removed by centrifugation. These liposomes were chromatographed in the same buffer over a 35 x 1.5 cm column of Sephadex G-25 to separate free cholesterol from liposome-bound [4-14C]-cholesterol.
The liposome peak was detected by absorbance measurements at 300 nm. After chromatography the cholesterol concentration in the liposome solution was determined by assessing the radioactivity content. 
Rearranging equation (5) we get
Scatchard plots utilize equation6) in the following form
[C ]=Ka(n-V)
A linear plot is obtained when V/[C'] is plotted versus V. The intercept on the abscissa is n, the number of cholesterols bound to one filipin and the intercept on the ordinate is Kan.
Results
Filipin has the characteristic ultraviolet absorption spectrum shown in Fig. 1 . Both in methanol and aqueous solutions the three maxima occur at 356, 338 and 322 nm; however, in the latter the molar extinction coefficient decreases. As shown in Fig. 2 , a definite spectral change results when cholesterol is added to the aqueous solution of filipin. The major peak of a filipin spectrum is Peak 2, while the major peak of a spectrum of the steroid-antibiotic mixture is Peak 3. The alteration in absorbance intensity for Peaks l through 3 was obtained consistently throughout a wide range of filipin and cholesterol concentrations. This reinforced previous suggestions that the stoichiometry could be determined by mathematically relating this change in peak height to the concentrations of the reacting components.
One of the means of quantitating the spectral change was to calculate the ratio of ultra- Fig. 1 . Ultraviolet spectrum of filipin in methanol and tris-acetate buffer. Spectra of identical concentrations of filipin (ca. 10-5 M) were taken. In both methanol and water the maxima occur at 356, 338 and 322 nm. The molar extinction coefficients were less for filipin in water than for filipin in methanol. The major peak is designated Peak 2 and the minor peak as Peak 3. Fig. 2 . Spectrum of filipin-cholesterol complex.
Aqueous solutions of cholesterol were added to aqueous solutions of filipin. The final concentrations of cholesterol was 7.0 x l0-5 M and filipin was 2.39x 10-5 M respectively. The maxima of Peaks 1, 2 and 3 occur in order at 356, 338 and 322 nm, but the relative magnitude of the molar extinction coefficients has changed markedly. The major peak is Peak 3 and the minor peak is Peak 1. [F]=9.04x10-6 M. From the data presented in Table I it can be concluded that one cholesterol molecule interacts with one filipin molecule to give the observed characteristic spectral change .
It was also of interest to ascertain whether the experimentally derived values were significantly different from theoretical n's of 1.00, 1.50 and 2.00. This was accomplished by means of STUDENT*S t-test and the results appear in Table 1 . The SCATCHARD data fit an n of only 1.00. 2.00
The values of n obtained by the SCATCHARD analysis were compared with theoretical values of n to establish which value the data followed the best.
n is defined as the moles of cholesterol which interact with one mole of filipin to produce a change in the ultraviolet absorption spectrum.
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The results are given in Fig. 6 . A maximum change in Peak 3 : Peak 1 ratio only occurs at a stoichiometry of 1:1 of filipin: sterol.
As a consequence of the results described above it was possible to devise a quantitative assay for cholesterol present in biological samples. An example is shown in Fig. 7 . When the spectral change of filipin is plotted versus the brush border protein or cholesterol a sharp break is evident at a cholesterol concentration of 4.6 x 10-6 M. Since filipin was applied at a final concentration of 4.8 x 10-6 M, again a stoichiometry of 1:1 is evident.
The cholesterol concentration per 100 mg brush border protein was found to be 2.7 mg if the total cholesterol of the lipid extract was assayed by the LIEBERMAN-BURCHARD method or 2.5 mg if determined by the filipin-cholesterol interaction method. Considering that 16 % of the cholesterol present in brush borders is as cholesterol ester and as such unreactive with filipin, the data from the two assays are in very close agreement with one another.
Discussion
The stoichiometry of interaction between filipin and free or liposomal cholesterol present in an aqueous system was determined by quantitating the spectral change of filipin which occurs in the presence of the cholesterol.
A preliminary analysis of the data obtained from aqueous dispersions of cholesterol (see Fig. 3 ) suggested that the stoichiometry which produced this spectral change was 1: 1. A more refined analysis of this data was carried out employing the SCATCHARD technique.
The Information from such studies may prove of value in understanding the structure and functioning of membranes.
